Observations of Ðlaments and Ðlament channels on the Sun indicate that the magnetic Ðelds in these structures exhibit a large-scale organization : Ðlament channels in the northern hemisphere predominantly have axial Ðelds directed to the right when viewed from the positive polarity side of the channel (dextral orientation), while those in the south have axial Ðelds directed to the left (sinistral orientation). In this paper we attempt to explain this pattern in terms of the most natural mechanism, namely, solar di †erential rotation acting on already emerged magnetic Ðelds. We develop a model of global magnetic Ñux transport that includes the e †ects of di †erential rotation, meridional Ñow, and magnetic di †usion on photospheric and coronal Ðelds. The model is applied to National Solar Observatory/Kitt Peak on data1 the photospheric magnetic Ñux distribution. We also present results from a simulation of solar activity over a period of two solar cycles, which gives a buildup of Ñux at the poles of a magnitude, in agreement with observations. We Ðnd that di †erential rotation acting on initially north-south oriented polarity inversion lines (PILs) does produce axial Ðelds consistent with the observed hemispheric pattern. The Ðelds associated with switchbacks in the PILs are predicted to have a deÐnite orientation : the highlatitude "" lead ÏÏ arms of the switchbacks are preferentially sinistral (dextral) in the north (south), while the lower latitude "" return ÏÏ arms are, in agreement with observations, preferentially dextral (sinistral). The predicted orientation of Ðelds at the polar crown, however, appear to be in conÑict with observations. Further observational studies are needed to determine whether the model can explain the observed hemispheric pattern.
INTRODUCTION
The dark Ðlaments observed in Ha on the solar disk consist of cool plasma that is suspended above the solar surface by magnetic forces. The Ðlaments are located at polarity inversion lines (PIL) separating regions of opposite magnetic polarity in the photosphere below (e.g., Babcock & Babcock and Bilimoria, & 1955) . Foukal (1971) Martin, Tracadas show that Ðlaments form in Ðlament chan-(1994) nels : bands surrounding the PIL in which the chromospheric Ha Ðbrils are aligned with the PIL. The Ðbrils are believed to be aligned in the direction of the local magnetic Ðeld. Therefore, Ðlament channels are regions in which the magnetic Ðeld in the chromosphere is predominantly along the PIL rather than across it. The channel often extends beyond the length of the Ðlament and is longer lived, which indicates that horizontal Ðelds aligned with the PIL are a necessary but not a sufficient condition for Ðlament formation.
et al. report an observation of the Gaizauskas (1997) formation of a Ðlament channel, and this observation has been modeled by et al. Mackay (1997) . Filament channels can be classiÐed as dextral or sinistral, which refers to the direction of the axial magnetic Ðeld (i.e., the Ðeld along the Ðlament channel) as seen by a hypothetical observer standing in the neighboring positive polarity region Marquette, & Bilimoria From Ha (Martin, 1992) . observations of a large number of Ðlaments, et al. Martin found that the direction of the axial Ðeld is closely (1994) correlated with the orientation of the barblike structures of Ðlaments as seen from above : dextral Ðlaments invariably have right-bearing barbs, and sinistral Ðlaments have leftbearing barbs. Martin et al. (1994) also Ðnd a strong correlation between chirality and hemisphere : quiescent Ðlaments in the northern hemisphere are predominantly dextral, while those in the south are predominantly sinistral. This hemispheric pattern is consistent with earlier studies of prominence magnetic Ðelds by Leroy Rust (1967) , (1978, Bommier, & Sahal-Brechot and , Leroy, (1983) , Kim For a review of observed chirality patterns in Ðla-(1990) . ments and other solar features, see et al. Zirker (1997) . X-ray observations with Y ohkoh/Soft X-ray Telescope show the reformation or brightening of coronal arcades following prominence eruptions and coronal mass ejections et al. et al. et (McAllister 1992 ; Hanaoka 1994 ; McAllister al. Martin & McAllister study the struc-1996) .
(1996, 1998) ture of these arcades and Ðnd a strong correlation between the orientation of coronal loops within the arcade and the handedness of the associated Ðlament : so-called left-skewed arcades have dextral Ðlaments, and right-skewed arcades have sinistral Ðlaments. This implies that the direction of the axial Ðeld in the coronal arcade is the same as that in the Ðlament and in the Ðlament channel.
The formation of Ðlament channels is not well understood. One possibility is that the axial Ðeld in a Ðlament channel originates in the surrounding arcade and that the Ðeld is transported to the PIL by a converging mass Ñow
Ballegooijen & Martens Con- (Pneuman 1983 ; van 1989) . verging Ñows can lead to cancellation of opposite polarity Ñux in the photosphere and to the removal of the com-ponent of the magnetic Ðeld that arches over the PIL. However, the axial component of the Ðeld cannot disappear in this way : magnetic buoyancy in the convection zone prevents the axial Ðeld from submerging below the photosphere ( van Ballegooijen & Martens 1989) . Hence, the photosphere presents a barrier for the submergence of axial Ðeld, causing it to build up in the corona. Pneuman (1983) argued that Ñux cancellation in a sheared arcade must involve magnetic reconnection in order to separate the axial component of the Ðeld from the perpendicular component. This reconnection presumably occurs in the chromosphere or low corona above the PIL (also see Hood, & Priest, Anzer The reconnection produces a helical Ñux rope 1989). that is locally disconnected from the photosphere but may be tied to the photosphere farther away along the Ðlament channel. The Ñux rope is held down primarily by the magnetic tension in the overlying arcade. Cool plasma may collect at the troughs of helical Ðeld lines, forming a Ðla-ment. As more and more Ñux cancels, the helical Ðeld strengthens, while the overlying arcade Ðeld weakens. At some point, the arcade is no longer able to keep the Ñux rope tied down, and the magnetic structure becomes unstable & Forbes This causes the Ñux rope to (Priest 1990) . break through the overlying arcade, taking any Ðlament mass with it (Ðlament eruption).
A potential problem with this model is that it cannot readily account for the observed orientation of axial Ðelds in polar crown prominences. In this case, the PIL runs nearly east-west, and solar di †erential rotation acting on the footpoints of a coronal arcade would produce an axial Ðeld with sinistral (dextral) orientation in the north (south), contrary to the observations of Leroy and coworkers This led several authors to propose alterna-(Leroy 1989). tive models in which the axial Ðeld is produced below the solar surface by di †erential rotation acting on subsurface magnetic Ðelds Ballegooijen & Martens & (van 1990 ; Rust Kumar According to this scenario, Ðlament channels 1995). are formed when subsurface axial Ðelds emerge through the photosphere in the neighborhood of the PIL. This model was developed further by van Ballegooijen, & Priest, Mackay who showed that the model can account for (1996), many of the observed characteristics of Ðlaments and Ðla-ment channels, including the hemispheric pattern. However, there are also some problems with this model, most notably the lack of direct observational evidence for the emergence of axial Ñux near PILs. Therefore, the question of how Ðla-ment channels form is by no means settled.
In the present paper, we further pursue the hypothesis that the axial Ðelds in Ðlament channels originate in surrounding coronal arcades. We attempt to explain the observed hemispheric pattern in terms of di †erential rotation acting on existing coronal structures, i.e., without invoking emergence of axial Ðelds from below. Most existing prominence models treat the magnetic Ðeld in a twodimensional approximation, neglecting the variation of the Ðeld in the direction along the PIL. However, on the Sun, the positive and negative Ñuxes on either side of a PIL are in general not uniformly distributed along the PIL. If the positive and negative Ñuxes are displaced relative to each other along the PIL, then the coronal Ðeld connecting these areas will naturally have a component along the PIL. Therefore, the three-dimensional structure of the Ðeld is potentially quite important for understanding the origin of axial Ðelds. To include these e †ects, we develop a global model of the coronal Ðeld and its evolution due to di †erential rotation, meridional Ñow, and random motions. The model is an extension of the photospheric Ñux transport model of Sheeley, & Boris DeVore, & Boris DeVore, (1984) , Sheeley, Nash, & Wang and Nash, & (1985) , Sheeley, (1987) , Wang, Sheeley (1989a) .
The paper is organized as follows. In we describe the°2 di †usion model. In we apply the model to actual°3 observed photospheric Ñux distributions, and we simulate the evolution of the coronal Ðeld over a period of one solar rotation (27 days). This yields predictions for the dextral/ sinistral orientation of the axial Ðelds at the PILs which can be compared with the Ðlament observations of et al.
Martin
In we consider the evolution of the Ðeld over (1994).°4 longer timescales, including the buildup of magnetic Ñux at the poles. These simulations include the e †ects of Ñux emergence and the occasional release of magnetic stress due to coronal mass ejections. The evolution of the Ðeld is followed for a period of two solar cycles. In we discuss the results°5 of both types of simulations and compare the result with observations. Some preliminary conclusions are presented.
FLUX TRANSPORT MODEL
The distribution of magnetic Ñux at the solar surface evolves in time owing to Ñux emergence, transport, and cancellation. New Ñux emerges in the form of bipoles of various size, strength, and orientation. Large active regions emerge in the activity belts with orientations usually in accordance with HaleÏs polarity laws. Smaller ephemeral regions have a broader latitude distribution and more random orientation. After the Ñux has emerged, it is transported over the solar surface by large-scale Ñows such as di †erential rotation and meridional Ñow. The interaction of the Ðeld with the supergranulation causes a random walk of the magnetic elements, which can be described in terms of a di †usion constant D Chance encounters of (Leighton 1964). opposite polarity elements lead to Ñux cancellation. DeVore et al. Sheeley et al. and et al. (1984) , (1985, 1987) , Wang developed a di †usion model that describes the evol-(1989a) ution of the radial Ðeld at the solar surface. In the following, we extend their model to include the e †ects of Ñows and di †usion on the horizontal component of the magnetic Ðeld.
Let B(r, h, /, t) be the magnetic Ðeld as a function of radial distance r from Sun center, polar angle h, azimuthal angle /, and time t. Here B is an average over spatial scales somewhat larger than the size of a supergranule (30 Mm). The evolution of B is described by the induction equation :
where is the velocity associated with di †erential rotation ¿ and meridional Ñow, and E@ is the electric Ðeld associated with magnetic di †usion. For isotropic di †usion, this electric Ðeld would be given by g$ ] B, where g is the magnetic di †usivity. In this case, horizontal Ðelds can be transported radially by di †usion from the corona to the subsurface layers, causing the axial Ðelds in Ðlament channels to disappear. As discussed in we believe that this behavior is°1, unphysical because magnetic buoyancy prevents axial Ðelds from submerging below the solar surface Ballegooijen (van & Martens Therefore, we propose an alternative 1989). model of the di †usion electric Ðeld in which the radial transport of horizontal Ðeld is artiÐcially suppressed. SpeciÐcally, VAN BALLEGOOIJEN, CARTLEDGE, & PRIEST Vol. 501 we use the following expression for E@ :
i.e., we suppress the terms in $ Â B that contain the radial gradients and We also assume that the L(rB h )/Lr L(rB Õ )/Lr. radial component of velocity vanishes at all heights in the corona Hence, in the present model there is no (v r \ 0). vertical transport of horizontal magnetic Ðeld at any level in the atmosphere. The reconnection and di †usion of magnetic Ðelds in the corona are assumed to be driven by random motions of magnetic elements in the photosphere, where the Ðelds are anchored. To avoid the development of a discontinuity in just above the solar surface we must B r (r \ R _ ), take to be equal to the photospheric di †usion con-
For simplicity, we assume that the di †usion time r2/g is constant with height, so that g increases as the radius squared :
The calculations reported in this paper are performed with D \ 450 km2 s~1. The velocity in the corona is assumed to be an extrapolation of the meridional Ñow and di †erential rotation at the solar surface :
where u(h) is the meridional Ñow velocity, and )(h) is the angular velocity at the solar surface. For the di †erential rotation, we use (Snodgrass 1983)
where is the Carrington rotation rate (13.20 deg day~1). ) 0 The meridional Ñow is directed poleward and is given as a function of latitude j (4n/2 [ h) by
where is a latitude above which the meridional Ñow j 0 velocity vanishes. We assume and m s~1. j 0 \ 75¡ u 0 \ 11 Inserting equations and into (2), (3), (4), (5),
equation and using $ AE B \ 0, we obtain the following equations (1) for the three components of the magnetic Ðeld :
where and These equations do not u8 (h)4u(h)/R _ D3 4D/R _ 2 . contain derivatives with respect to r ; hence, there is no coupling between magnetic Ðelds on di †erent spherical shells, r \ constant. This greatly simpliÐes the solution of the equations because each spherical shell can be considered separately. In the present paper, we consider only two radii : the radial Ðeld is computed at the solar surface B r and the horizontal Ðeld is computed at
in the corona. The numerical methods are R _ described in the Appendix. Note that is identiequation (9) cal to the di †usion equation used by et al. DeVore (1984) and Sheeley et al. (1985 Sheeley et al. ( , 1987 .
The initial Ðeld is assumed to be a potential Ðeld ($ Â B \ 0) with prescribed h, /) at the photosphere B r (R _ , and at the source surface,
1969) describes crudely the e †ect of the solar wind in opening up the coronal Ðeld. More realistic current sheet models have been presented by and & Hoeksema Schatten (1971) Zhao but the added complexity is not warranted in the (1994), present case because we are mainly interested in the Ðeld at low altitude, where the solar wind has little e †ect.
For the Ðelds computed in this paper, the Lorentz force ($ Â B) ] B generally does not vanish, so that the Ðelds are not in a state of mechanical equilibrium. Previous studies of magnetic equilibria in two and three dimensions have shown that shear Ñows in the photosphere cause the coronal Ðeld to expand radially outward & Stur-(Barnes rock Barnes, & Schnack 1972 ; Aly 1984 ; Mikic, 1988 ; & Sturrock Klimchuk 1989 ; Steinolfsen 1991 ; Dahlburg, Antiochos, & Zang This expansion is neglected in the 1991). present paper because we are mainly interested in the sign of the axial Ðeld (dextral or sinistral), not the precise value of the Ðeld strength or orientation of the Ðeld vectors.
To illustrate the method, we perform a simulation with only a single active region located in the northern hemisphere at a latitude of 30¡. The initial Ñux distribution is shown in
The region has an angular separation Figure 1a . between opposite polarities of 10¡, and the tilt of the bipole axis relative to the east-west direction is 15¡. The line segment shows the PIL in the photosphere, and the vectors show the horizontal Ðeld at a radius r \ 1.1 in the R _ corona. To compensate for the distortion due to cylindrical projection of the spherical surface, we actually plot the vectors sin h), which have the property that the B@ \ (B h , B Õ orthogonality of horizontal vectors and lines is preserved (if B is perpendicular to the PIL on the sphere, then B@ is perpendicular to the PIL in the map).
shows the Figure 1b magnetic Ðeld after 50 days. Note that the active region has spread out owing to di †usion and di †erential rotation, and the PIL has rotated in the counterclockwise direction. As a result, the centers of gravity of the leading and following polarities are no longer directly opposite each other on either side of the PIL, and the coronal Ðeld at 1.1 crosses R _ the underlying PIL at an angle of about 40¡ relative to the perpendicular direction. The component of B along the PIL is toward the right when viewed from the positive (leading) polarity side ; hence, the Ðeld has dextral orientation. In this case, the nonpotential Ðeld (shown in the Ðgure) is nearly identical to the potential Ðeld computed from the same surface Ñux distribution.
APPLICATION OF DIFFUSION MODEL TO SOLAR OBSERVATIONS
In this section we use solar observations as input to the di †usion model, and we follow the evolution of the magnetic Ðeld over a period of one solar rotation (27 days). The observations consist of measurements of the line-of-sight component of magnetic Ðeld in the solar photosphere obtained at the National Solar Observatory (NSO) Kitt Peak Vacuum Tower Telescope. The data used in this study consist of fully corrected synoptic maps of the radial Ðeld h, /) at the photosphere on a grid that is uniform in B r (R _ , longitude and sine latitude (one map per solar rotation). For each rotation, we compute spherical harmonic coefficients where l is the harmonic degree and m is the B lm , azimuthal mode number. Since we are interested only in large-scale structures, we multiply these coefficients by exp this corresponds to a spatial Ðlter
where b is the heliocentric angle and
, We use these coefficients as input to the di †usion b 0 \ 4¡. model (see the Appendix) and evolve the magnetic Ðeld for a period of 27 days. This yields a predicted magnetic Ðeld that can be compared with the observed Ðeld from the next solar rotation. We performed this analysis for four rotation pairs in solar cycle 22, starting at Carrington rotation (CR) numbers 1790 (year 1987.5), 1815 (1989.4), 1848 (1991.8), and 1875 (1993.8) .
The results for CR 1790 and 1791 (1987 Particularly signiÐcant and common features of the largescale PILs that weave across the Sun are called "" switchbacks. ÏÏ These are locations at which the PIL reverses direction in an east-west sense such that the center of curvature of the bend so formed lies to the west of the bend. In the northern hemisphere, the center of curvature lies to the southwest of the bend, and in the southern hemisphere, it lies to the northwest of the bend. Several examples of switchbacks can be seen in Furthermore, we Figure 2 . deÐne the arms of a switchback as follows : the lead arm is the higher latitude branch of the PIL entering the switchback, and the return arm is the lower latitude branch.
shows an expanded view of the switchback with Figure 3 apex at longitude 240¡ and latitude ]50¡ in This Figure 2b . region was studied in detail by Wang, & Harvey Sheeley, who found that the newly emerged bipole that pro-(1989), duced this switchback has a strong e †ect on the boundaries of the polar coronal hole. The nonpotential Ðeld is presented in and the corresponding potential Ðeld is Figure 3a , given in Note that the region inside the switch- Figure 3b . back has positive polarity and that the axial Ðeld along the upper part of the lead arm is directed toward the northeast, i.e., the axial Ðeld has sinistral orientation. This is due to two e †ects : (1) the region is located to the northeast of the main body of positive Ñux within the switchback ; and (2) the eastward component of the Ðeld is further enhanced by di †erential rotation acting on the coronal arcade overlying this east-west section of the PIL. Along the return arm, the axial Ðeld has a dextral orientation, especially near the apex where the Ðeld is nearly parallel to the PIL. This strong alignment of the Ðeld with the PIL is due to the inÑuence of the polar Ðeld, which has negative polarity. Hence, the chirality of the Ðeld is di †erent on the two arms of the switchback.
Presumably, Ðlament channels form preferentially where some shear is already present in the surrounding arcade. To quantify the shear, we deÐne a as the angle between the horizontal magnetic Ðeld B in the corona (at r \ 1.1 R _ ) and the unit vector perpendicular to the PIL at the solar nü surface points from positive to negative polarity). By (nü deÐnition, the shear angle lies in the range [180¡ \ a \ ] 180¡, and a is positive (negative) for dextral (sinistral) Ðelds. For each data set, such as shown in we analyze the Ðeld orientations using two di †er- Figure 2b , ent methods.
For the Ðrst method, we determine a everywhere along the PIL and derive the total length of PIL possessing a speciÐc combination of latitude j and shear angle a. The PIL is divided into a large number of short segments, and the shear angle a and latitude j are determined for each segment. Then we group the segments into 10¡ bins of a and j and compute the total length of the segments in each bin. The results are displayed in the form of two-dimensional histograms : the brightness of each pixel is proportional to the total length of PIL segments in each bin. Figure 4a shows results for nonpotential Ðelds, and shows Figure 4b results for the corresponding potential Ðelds. In these Ðgures, the data from the four Carrington rotations have been combined into a single data set.
shows that Figure 4a each latitude band has a wide distribution of shear angles a : dextral and sinistral channels are present at all latitudes. However, the distribution is not random : in the center of the Ðgure is an elongated feature in which a and j are positively correlated, i.e., representing dextral (sinistral) channels in the northern (southern) hemisphere, and the two concentrations of brightness at ([50, ]40) and (]50, [40) together make up a feature with negative correlation between a and j. For the potential Ðeld the dis- (Fig. 4b) , tribution of a is much narrower (a B 0), which indicates that the Ðeld crosses the PIL more or less at right angles over the majority of the PIL. Hence, the features with positive and negative correlation in are mainly due to the Figure 4a nonpotential character of the Ðeld and are not due to relative displacements of opposite polarities along the PILs.
In the second method, we look for sheared segments of the PIL, which presumably are sites at which Ðlament channels are most likely to form. We use the following criteria to deÐne such a segment : (1) shear angle a [ 30¡, and (2) length of the segment s [ 0.15
We determine the R _ . average latitude of each such segment and group the segments, loosely deÐned as "" channels, ÏÏ into 10¡ bins of latitude centered at 0¡,^10¡,^20¡, etc. For each bin we count the number of dextral and sinistral channels. The combined results from four Carrington rotations are shown in Figure  in a format similar to that used by et al. 5
Martin (1994) . shows results for all dextral and sinistral chan- Figure 5a nels. Note that there is no clear hemispheric ordering of chirality : both dextral and sinistral channels are present in nearly equal numbers in each hemisphere. However, poleward of 40¡, the channels are dominantly sinistral in the northern hemisphere and dextral in the southern hemisphere (negative correlation).
shows the subset of Figure 5b channels that are located within relatively young active regions. These channels are predominantly dextral in the north and sinistral in the south (positive correlation), which is due to the e †ect of simple shearing of a bipolar region as shown in Figure 1 .
Figures and show the latitude distributions and 5c 5d chirality of channels located on the lead and return arms of switchbacks. It can be seen that there is a distinct pattern : in the northern hemisphere, the lead arms generally possess sinistral channels, while the return branches have dextral channels and vice-versa for the southern hemisphere. The Ðeld orientation at the lead arms is due to the nearly eastwest alignment of these sections of the PIL : di †erential rotation acting in the corona produces sinistral Ðelds in the north and dextral Ðelds in the south Ballegooijen & (van Martens 1990) .
The magnetic Ðeld at the return arms is often rather weak and therefore more strongly a †ected by other magnetic sources in the vicinity of the switchback. In particular, the polar Ðeld seems to have a strong e †ect on the orientation of the Ðeld over the return arms (note that above the return arm, the north-south component of the Ðeld due to local sources is opposite to the north-south component of the polar Ðeld). The presence of the polar Ñux, in combination with di †erential rotation, causes the horizontal Ðeld to be aligned in the direction along the main body of the switchback. The azimuthal (east-west) component of the Ðeld is usually the same as that on the lead arm, so the chirality on the return arm is opposite to that on the lead arm. The e †ect of the polar Ñux is sometimes so strong that at r \ 1.1 R _ over the return arms, the magnetic Ðeld has inverse polarity, i.e., the component of B perpendicular to the PIL points from the region of negative polarity to the region of positive polarity. This can also be seen from which shows Figure 4 , that some segments of the PIL have a [ 90¡ or a \ [90¡. In some cases, the inverse polarity also exists at the solar surface in other cases, the Ðeld at the surface has (r \ R _ ) ; normal polarity and there is a strong rotation of the horizontal Ðeld with increasing height.
The behavior of the Ðeld at switchbacks provides an explanation for the high-latitude trends seen in Figures 4 and The lead arm generally has a more or less east-west 5. orientation, and its average latitude is similar to that of the switchback apex. However, the return arm lies between the apex and some lower latitude, so its average latitude is 10¡È20¡ less than that of the apex. Therefore, at the highest latitudes (between 30¡ and 60¡), there exists an excess of negatively correlated channels associated with the lead arms. The positive correlation for the return arm channels (recorded at lower latitude) enhances the lower latitude peaks in the full data set.
SIMULATION OF THE SOLAR CYCLE
The inverse polarity of the magnetic Ðeld over the return arms of switchbacks is somewhat of a problem because it implies the absence of a coronal arcade, whereas Y ohkoh observations show that arcades do exist in these regions (Martin & McAllister This raises the question 1996, 1998).
of whether the polar magnetic Ðelds are correctly represented in the NSO/Kitt Peak data. If the actual polar Ñux is less than indicated by the data, its e †ect on the magnetic Ðeld above the return arm would be reduced and the Ðeld would keep its normal polarity to greater height. The polar Ñux is difficult to measure because of uncertainties in magnetograph calibration and the uncertain correction for the tilt of the magnetic Ðeld relative to the line of sight. There are indeed signiÐcant variations in the measured polar Ðelds from one solar rotation to the next, and some of these variations may not be real. Therefore, in this section we present a simulation of the transport of magnetic Ñux over many years in order to study the buildup of the polar Ðelds and to understand how the strength of the polar Ðeld is related to that of the lower latitude Ðeld.
To obtain realistic Ñux distributions, we simulate the emergence of a large number of active regions over a period of two solar cycles. The simulation starts near the end of an activity cycle (cycle 0) at a time when regions from the new cycle (cycle 1) Ðrst start to appear. The assumed cycle period is 11 years, and the old and new cycles are assumed to overlap for a period of 2 years, so each cycle actually lasts 13 years. Active regions are assumed to emerge within two latitude belts, one in each hemisphere, and the latitude distribution of the regions was chosen such that there is rough agreement with the observed butterÑy diagram. The regions are assumed to emerge at random longitude. Di †erent regions have di †erent magnetic Ñux, distance between positive and negative polarities, and orientation of bipole axis with respect to the east-west direction. We use Ðve di †erent region sizes, with initial separations *b of leader and follower polarity of 10.0, 7.79, 6.07, 4.72, and 3.68 heliographic degrees (logarithmically spaced). The number of regions per unit time is assumed to be inversely proportional to the square of the region size ; this is based on the work of & Zwaan and & Harvey Harvey (1993) Schrijver (1994) , who show that the emergence rate on the Sun varies as a(t)A~2dA, where A is the area of an active region in square degrees and a(t) is a function of time in the cycle. The bipole orientations are consistent with HaleÏs law. Each region has a randomly chosen tilt of the bipole axis relative to the east-west direction : the average tilt angle is 0.5j in accordance with JoyÏs law (j is the latitude), and the root mean square variation of the tilt angle is 19¡ (Wang & Sheeley
In all, we simulate about 4300 1989 , 1991 Howard 1992) . regions emerging over a period of 24 years.
shows Figure 6 the distribution of active regions in a latitude-time diagram (butterÑy diagram) and the total rate of emergence as a function of time.
The initial distribution of the radial Ðeld of a new bipole is given by
where h, /) are the distributions of the positive B r,init (B) (R _ , and negative polarity Ñux at the solar surface. Let (h`, /`) and be the central positions of the positive and (h~, /~) negative Ñuxes, and let *b be the heliocentric angle between them. We assume spatial resolution used in the present paper is not sufficient to resolve the regions in their earliest phase of development. Therefore, we insert the active regions into the model at a later stage in their development, when the width of each component has reached a value Each bipolar b 0 \ 4¡. region adds a contribution h, /) to the radial Ðeld *B r (R _ , h, /, t) at the solar surface :
where
The factor accounts for di †usion during the early (b init /b 0 )2 phase of development (prior to the time of insertion). New bipolar regions are inserted into the coronal magnetic Ðeld assuming they carry no electric current, i.e., the potential Ðeld of the new region is simply added to the preexisting nonpotential Ðeld (see the Appendix for details).
The coronal Ðeld is sheared by the di †erential rotation, generating electric currents and causing free magnetic energy to build up. On the Sun, this energy is occasionally released by magnetic instabilities associated with Ðlament eruptions and coronal mass ejections (CMEs). To simulate such events in our model, we periodically remove the coronal electric currents, i.e., the coronal Ðeld is assumed to relax to a potential Ðeld. For simplicity, we assume that this relaxation takes place globally and occurs at the same time everywhere on the Sun. The time between relaxation events is assumed to be 27 days, which is a typical time between CMEs on any given section of the PIL. For details on how this relaxation is implemented, see the Appendix.
For the initial state of our simulation, we assume a potential Ðeld with a Ñux distribution at the photosphere such that the rate of poleward Ñux transport by meridional Ñow equals the rate of equatorward transport by di †usion :
Combining this with uB r B (D/R _ )LB r /Lh. equation (8) yields the following proÐle of the radial Ðeld : 
evolution of the polar Ðelds in cycle 21 using data from several solar observatories ; for the year 1986, they found a polar Ðeld strength G (see their Fig. 7d shows the results for the longitudinally aver- Figure 7a aged radial Ðeld at the photosphere as a function of latitude and time in the simulation.
shows a similar Figure 7b diagram derived from the NSO/Kitt Peak observations (also see Fig. 1 of The observational data Harvey 1994). have been spatially Ðltered as described in and are dis-°3 played with the same gray scale as used for the simulated data. Note that we display the radial Ðeld at the surface (not the line-of-sight component) and we use a grid that is uniform in latitude, which emphasizes the polar Ðelds. The original NSO data are given on a sine-latitude grid. The herringbone patterns seen at midlatitude are due to episodes of poleward Ñux transport by di †usion and merid- ional Ñow. This Ñux is predominantly following polarity because of the tilt of the active regions with respect to the east-west direction The following polarity (Babcock 1961) . Ñux eventually reverses the polar Ðelds. At the next cycle minimum, the polar Ðelds are fully reversed, and the process repeats itself in the next cycle.
Comparison of Figures and shows that the mid7a 7b latitude "" poleward surges ÏÏ have roughly the correct slope in the latitude-time diagram, which suggests that the assumed meridional Ñow velocity of 11 m s~1 is approximately correct. This is similar to the value of 10 m s~1 used by Nash, & Sheeley However, they also Wang, (1989b). showed that accelerated Ñows and enhanced eruption rates are required to explain the giant surges of alternating polarity that occurred during 1980È1982. Therefore, the assumption of a constant velocity is only a crude approximation.
As discussed above, was adjusted to obtain agree-B max ment between the simulated and observed strengths of the poleward surges. The rate of change of the polar Ñux is approximately given by the rate of transport of Ñux across a latitude circle at latitude j \ 45¡. This transport rate is proportional to the product of the averaged radial Ðeld and B1 r meridional Ñow velocity at j \ 45¡, which are well deterv h mined by the observations. Therefore, the rate of change of the polar Ñux and the di †erence in Ñux between subsequent minima should be accurately represented by the present model. The fact that the model yields polar Ðeld strengths similar to the NSO/Kitt Peak observations suggests that the observed Ðelds are not signiÐcantly overestimated (or underestimated). Therefore, it is unlikely that inverse polarity of magnetic Ðelds over return arms of switchbacks can be explained in terms of reduced strength of the polar Ðelds.
shows the Ñux distribution as a function of Figure 8a longitude and latitude 14.78 yr after the start of the simulation, in the rising phase of simulated cycle 2. Note that the polar Ðelds have not yet reversed sign and extend down to latitudes of^60¡. Similar maps of observed Ñux distributions in the rising phase of solar cycle 22 are shown in Figures and Note that the simulated and observed 2a 2c. distributions have similarities but also have some important di †erences. In particular, the switchbacks in the simulated data are narrower and more strongly sheared than those in the observational data. Therefore, the model gives at best a qualitative agreement between observed and predicted Ðeld patterns.
shows an expanded view of the switchback Figure 8b with apex at longitude 215¡ and latitude [50¡ in Figure 8a . The vectors show the nonpotential Ðeld in the corona (r \ 1.1 at a time just prior to removal of coronal elec-R _ ) tric currents, i.e., magnetic shear has built up over the previous 27 days. Along the lead arm of the switchback, the magnetic Ðeld has a westward component (dextral orientation), which is due to di †erential rotation acting on the coronal Ðeld connecting the high latitude region (j \ [60¡) with the region inside the switchback. Along the return arm the Ðeld also has a westward component (sinistral orientation), which is due to the presence of a positive polarity source at longitude 210¡, latitude [30¡.
shows the corresponding potential Ðeld just after Figure 8c removal of coronal electric currents. Note that the magnetic shear at the lead arm is strongly reduced, and the Ðeld at the return arm is weakened considerably. Clearly, coronal electric currents have a signiÐcant e †ect on the magnetic Ðeld conÐguration in Figure 8b .
In other cases, we have found that the magnetic Ðeld over the return arm of the PIL points from the area of negative polarity to the area of positive polarity, i.e., the coronal Ðeld has inverse polarity relative to the underlying photospheric Ðeld. This can often be attributed to the presence of strong Ñux at the poles. The polar Ðeld dominates the Ðeld from the nearby sources, which are apparently too weak to produce a normal-polarity conÐguration at r \ 1.1 over R _ the return arm. This is similar to the problem encountered in°3.
DISCUSSION
The di †usion model predicts that in each hemisphere, there are approximately equal numbers of dextral and sinistral channels and the total lengths of dextral and sinistral PILs are also approximately the same. The axial Ðelds on the lead arms of switchbacks are predicted to be predominantly sinistral in the north and dextral in the south, which is due to the e †ect of di †erential rotation acting on the coronal Ðeld overlying these nearly east-west oriented sections of the PIL. The axial Ðelds on the return arms of switchbacks are usually dextral in the north and sinistral in the south, which is due to the presence of the polar Ðeld. Hence, the model predicts that the lead and return arms of switchbacks have opposite chirality (also see McAllister, Mackay, & Priest The predicted axial Ðelds at the 1998). return arms are consistent with the hemispheric pattern of Ðlaments observed by et al. but the predicted Martin (1994) , Ðelds at the lead arms (including polar crown channels) are inconsistent with these observations. The photospheric Ñux near the return arm is sometimes so weak that the coronal Ðeld at r \ 1.1 predicted by the R _ model has inverse polarity, i.e., there is no coronal arcade over the return arm. This conÑicts with our basic assumption that the axial Ðeld in a Ðlament channel originates in a surrounding arcade. It also conÑicts with Y ohkoh observations, which show that arcades do exist over return arms (Martin & McAllister Simulations of the solar 1996, 1998). cycle suggest that the measured polar Ðelds are consistent with the rate of Ñux transport as determined from observations at lower latitudes. Therefore, it is unlikely that the inverse polarity of the return arms of the weaker switchbacks is due to an incorrect polar Ðeld strength.
Filaments are known to occur on both lead and return arms of switchbacks ; therefore, on the basis of the present model, one might expect to Ðnd a mixture of dextral and sinistral channels in each hemisphere. This seems to be in conÑict with the observations of et al. who Martin (1994) , Ðnd a clear hemispheric pattern in the chirality of midlatitude quiescent Ðlaments. However, it is important to note that the Martin et al. study included no polar crown Ðlaments (the dextral/sinistral orientations of such Ðlaments are difficult to determine from Ha observations). If the Ðla-ments in the Martin et al. sample are preferentially located on the return arms of switchbacks, then the present model is consistent with these observations. Martin & McAllister study coronal arcades that have associated Ðla-(1996, 1998) ments. They show that there is a high degree of correlation between the skew of the arcade and the chirality of the underlying Ðlament, which implies that the direction of the axial Ðeld in the arcade is the same as that in the underlying Ðlament. However, this sample also includes few if any polar crown Ðlaments. Clearly, to determine whether our model is consistent with these observations, a more detailed analysis of individual cases is required.
Our predictions can also be compared with the observations of Leroy and et al. who (1978, 1989) Leroy (1983), measure the vector magnetic Ðelds in prominences above the solar limb using the Hanle e †ect. Leroy and collaborators claim that the chirality in solar prominences is generally the same on the two arms of a switchback. The Hanle technique is particularly suited for studying polar crown prominences because the inferred axial Ðelds are only weakly a †ected by the usual 180¡ ambiguity in the orientation of B relative to the line of sight. The hemispheric pattern deduced from these measurements is consistent with the pattern deduced by et al. Ðlaments. We conclude that the model does not capture the essential physics of the formation of axial Ðeld in polar crown prominences. An alternative model is that the axial Ðelds of polar crown prominences are generated below the surface and emerge into the solar atmosphere from below Ballegooijen & Martens & Kumar (van 1990 ; Rust 1995 ; This would explain the observed orientaPriest 1996). tion of the axial Ðelds, but it is not clear why this process should occur preferentially on the polar crown and not also at lower latitudes. To obtain a better understanding of the origin of the axial Ðelds in polar crown Ðlaments, more detailed observations of the Ðlaments and the surrounding corona are required. Unfortunately, it is difficult to Ðnd well-deÐned Ðlaments underlying well-determined X-ray loops at the polar crown. Further analysis of older data sets would be extremely valuable. For example, it would be interesting to know whether the polar crown Ðlaments in LeroyÏs data set are located close to a switchback apex and whether the strength of the axial Ðeld is somehow related to the position of the Ðlament along the lead arm.
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APPENDIX NUMERICAL METHODS
We write the horizontal Ðeld components in terms of two scalar functions t(r, h, /, t) and s(r, h, /, t) :
and deÐne
Note that is related to the radial component of the electric current density. Taking the time derivatives of and and C r A r C r inserting equations and yields (10) 
LB lm Lt \ ; l{/@m@
LA lm Lt \ ; l{/@m@
where and and are matrices that couple modes with di †erent l but the same m :
Note that is antisymmetric with respect to the equator (h \ n/2), while )(h) is symmetric. Therefore, and are u8 (h) F u,ll{m G ),ll{m nonzero only for even values of l ] l@, and and are nonzero only for odd values. In the present study, we use G u,ll{m F ),ll{m N \ 63. Equations and are integrated in time using the second-order Runge-Kutta method with a time (A11), (A12), (A13) step of 1 day. We performed tests to ensure that the time stepping is accurate over long times and that the truncation in l does not introduce sidelobes in the distribution of the radial Ðeld.
New active regions are assumed to have potential Ðelds. The contributions of a new region to and are B lm (r), A lm (r), C lm (r) given by
and h, /) is given by The functions and are given by Sheeley, & Wang *B r (R _ , equation (14) . f l (r) g l (r) (Nash, 1988) f l (r)
where is the radius of the source surface. Similarly, the periodic relaxation to a potential Ðeld is performed by setting r s B lm (r) \ f l (r)B lm (R _ ) ,
where are the coefficients describing the radial Ðeld at the solar surface. B lm (R _ )
